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THE MYOGENIC RESPONSE, described over a century ago by Bayliss (1) , is the intrinsic property of vascular smooth muscle (VSM) to contract in response to increased pressure or stretch and relax in response to decreased pressure or stretch, thus allowing for relatively constant blood flow in the face of changing perfusion pressures (15) . In the brain, the myogenic response is uniquely pronounced in both large cerebral arteries and small arterioles and is vital for autoregulation of cerebral blood flow (CBF) (10, 25) . The resulting pressure-induced myogenic tone-or the amount of tone at a given pressureimportantly contributes to cerebrovascular resistance (CVR) that protects downstream capillaries from high arterial pressure (1, 10, 15, 25) . In addition, because of the high metabolic demand of neuronal tissue that requires tight regulation of CBF and the need to limit hydrostatic pressure on the microcirculation to protect against vasogenic edema, myogenic tone is an important protective mechanism in the cerebral circulation that contributes to brain homeostasis (23) .
Unlike most organs, in which only small arterioles comprising the microcirculation contribute to vascular resistance, the cerebral circulation has segmental vascular resistance in which large pial arteries possess significant myogenic tone and contribute ϳ50% to total CVR (10) . This unique arrangement allows for local changes in CBF while importantly maintaining CVR. Pial arteries on the surface of the brain give rise to smaller arteries that penetrate into the brain tissue to eventually become parenchymal arterioles (PAs) (14) . PAs are long and relatively unbranched vessels in the brain that supply the cortex and striatum and directly connect the pial arteries to the capillaries. Although both are important for CBF regulation, there are significant differences between pial arteries and PAs. For example, extrinsic innervation of pial arteries is progressively lost upon entering the brain tissue where the PAs become intrinsically innervated from within the neuropil (4, 14) . Likely because of this, PAs are unresponsive to some neurotransmitters (e.g., serotonin and norepinephrine) (4) . In addition, PAs have greater myogenic tone at lower pressures compared with pial arteries (4, 5) due to smooth muscle that is more depolarized (16, 21) and large-conductance calcium-activated potassium channels (BK Ca ) that are uncoupled from ryanodine receptors and calcium sparks (7) . Furthermore, under pathologic conditions such as ischemic stroke, pial arteries including the middle cerebral artery (MCA) have progressive loss of myogenic tone, whereas PAs have increased tone (6) . The pronounced and persistent myogenic tone of PAs during pathologic conditions when other vessels dilate, makes them the "bottleneck" to flow in the cerebral cortex (20) and an important therapeutic target for conditions such as ischemic stroke, hypertension, and subarachnoid hemorrhage (3, 5, 6, 21) .
VSM calcium has a central role in the myogenic response (16) . Membrane depolarization in response to mechanosensitive channels [e.g., transient receptor potential (TRP) channels] activates L-type voltage-dependent calcium channels (VDCC), causing influx of calcium and vasoconstriction (9, 16) . In cerebral pial arteries, there is a concomitant negative feedback through opening of BK Ca channels in VSM that leads to cell hyperpolarization and dilation that counteracts the myogenic vasoconstriction (2). Although transmembrane calcium influx is essential for VSM contraction in response to pressure or stretch, changes in calcium sensitivity of the VSM contractile apparatus are also involved in the myogenic response (22, 27) . However, the majority of studies on the role of calcium sensitivity in the myogenic response have been done on cerebral pial arteries and relatively little is known about the contribution of VDCCs vs. calcium sensitization to myogenic tone in PAs. In the present study, we investigated the relationship between myogenic tone and calcium in MCAs compared with PAs at different intravascular pressures. We used intact pressurized vessels to measure the relationship between VSM calcium and tone using Fura 2 as well as S. aureus ␣-toxin permeabilized vessels to measure direct calcium sensitization of the contractile apparatus. In addition, we investigated the difference in VDCC and BK Ca channel activity between PAs and MCAs as the activity of these channels directly affects VSM calcium and the level of myogenic tone.
MATERIALS AND METHODS

Animals and preparation of arteries and arterioles.
Male Wistar rats weighing 350 -380 g were used for all experiments. All animal procedures were approved by the University of Vermont Institutional Animal Care and Use Committee and complied with the National Institutes of Health guidelines for the care and use of laboratory animals. Rats were housed in the Animal Care Facility at the University of Vermont, an Association for Assessment and Accreditation of Laboratory Animal Care-accredited facility, and were allowed food and water ad libitum. Animals were quickly decapitated under isoflurane anesthesia, and the brains were removed and placed in cold, oxygenated physiological saline solution (PSS). PAs that branched off the MCA between the M1 and M2 region within the brain parenchyma, or MCAs, were carefully dissected and mounted on glass cannulas within an arteriograph chamber, as previously described (5) . Because of their different anatomic location, blinding was not possible. All vessels had intact endothelium. PAs were studied within the pressure range of 10 to 80 mmHg, whereas MCAs were studied within the pressure range of 10 to 100 mmHg. The different pressures at which PAs and MCAs were studied were chosen based on the pressure at which they operate in vivo being ϳ40 mmHg for PAs and ϳ75 mmHg for MCAs (10) .
Preparation of isolated arteries and arterioles and measurement of VSM calcium using Fura 2. To investigate the relationship between myogenic tone and calcium in the two different vascular segments, the calcium-sensitive dye, Fura 2-AM was used. Fura 2-AM (1 mmol/l stock dissolved in anhydrous dimethylsulfoxide, DMSO) was premixed with an equal volume of 25% pluronic acid dissolved in DMSO and then diluted in aerated PSS to yield a final concentration of 5 mol/l. Each arterial segment (MCA and PA) was cannulated in an arteriograph, pressurized to 10 mmHg, and equilibrated at 37°C for 10 -15 min. The arterial segment was then incubated in the Fura 2-AM/PSS loading solution at room temperature in the dark for 60 min. This solution was changed for freshly aerated loading solution after 30 min into the incubation period to maintain pH ϭ 7.4. Fura 2-loaded arteries were washed two to three times with PSS and then continuously superfused at 3 ml/min with oxygenated PSS (10% O 2-5% CO2-balanced N2) at 37°C. All experimental protocols were started after an additional 15-min equilibration period at 10 mmHg to allow intracellular de-esterification of Fura 2-AM. Fura 2 fluorescence was measured using a photomultiplier system (IonOptix) in which background-corrected ratios of 510-nm emission were obtained at a sampling rate of 5 Hz from arteries alternately excited at 340 and 380 nm.
Arterial diameter and calcium were simultaneously recorded using IonWizard software (IonOptix). Briefly, myogenic activity was evaluated by stepwise increases in pressure from 10 to 80 mmHg for PAs (n ϭ 5) or 10 to 100 mmHg for MCAs (n ϭ 5), and Fura 2 fluorescence was measured. At the conclusion of the experiment, diltiazem (10 mol/l) in calcium-free PSS was added to obtain fully relaxed diameters.
Measurement of calcium sensitivity in permeabilized vessels using Staphylococcus aureus ␣-toxin. In separate sets of PAs (n ϭ 6) and MCAs (n ϭ 5) the sensitivity of the contractile apparatus to calcium was compared between MCAs and PAs by permeabilizing the myocyte membrane with S. aureus ␣-toxin and measuring the contractile response to addition of calcium, as previously described (12) . Briefly, blood vessel segments were carefully dissected and mounted in an arteriograph filled with HEPES-buffered PSS, pressurized to 40 mmHg for PAs or 75 mmHg for MCAs and equilibrated for 30 min. Vessel segments were permeabilized with S. aureus ␣-toxin (800 U/ml) in relaxing solution at room temperature for 20 min. The S. aureus ␣-toxin was then washed from the bath, and vessels were equilibrated in relaxing solution at 37°C for 30 min. The vasoactive response to calcium was determined by replacing relaxing solution with activating solution containing known concentrations of free ionic calcium (pCa or Ϫlog [Ca]: 7.0 -6.0). For each concentration of calcium, the inner diameters were recorded once stable (5-7 min).
Measurement of electrophysiological properties of PA and MCA myocytes. Single VDCC activity was measured as described previously (19) . PAs (n ϭ 4) and MCAs (n ϭ 5) were isolated as described above and placed in a cell isolation solution (CIS) containing (in mmol/l): 60 NaCl, 80 Na-glutamate, 5 KCl, 2 MgCl 2, 10 glucose, and 10 HEPES (pH 7.2). The arterial segments were then incubated in warmed (37°C) CIS containing 1 mg/ml papain (Worthington, Lakewood, NJ), 1 mg/ml dithioerythritol, and 0.1 mM CaCl2 for 6 -8 min, followed by incubation in CIS (37°C) containing 0.7 mg/ml type F collagenase (Sigma-Aldrich, St. Louis, MO), 0.3 mg/ml type H collagenase (Sigma-Aldrich), and 0.1 mmol/l CaCl2 for 8 -10 min. The digested segments were then washed three times in ice-cold CIS and triturated to release smooth muscle cells. Cells were stored on ice in CIS for use the same day. Single-channel currents were recorded in the on-cell patch clamp configuration using an Axopatch 200B amplifier equipped with a CV203BU headstage (Axon Instruments, Sunnyvale, CA). Recording electrodes (resistance, 6 -10 M⍀) were pulled from borosilicate glass (1.5 mm OD, 1.17 mm ID; Sutter Instrument, Novato, CA) and coated with wax to reduce capacitance. Currents were filtered at 0.1 kHz, digitized at 1 kHz, and stored for subsequent analysis. pCLAMP version 9.2 and Clampfit version 9.2 (Axon Instruments) were used for data acquisition and analysis. Patches were initially held at a membrane potential of Ϫ70 mV, and single channel currents were recorded during 500-ms steps to membrane potentials between Ϫ40 and ϩ40 mV. All recordings were performed at room temperature (22°C). For channel recording, the bath solution contained (in mmol/l): 145 KCl, 10 HEPES (pH 7.3), 10 TEA-Cl, 12.5 glucose, 5 EGTA, and 0.0005 Bay K8644 (SigmaAldrich). The pipette solution contained (in mmol/l): 40 BaCl2, 100 TEA-Cl, 10 HEPES (pH 7.3), 5 4-amino pyridine, and 12.5 glucose.
Sensitivity of intact MCAs and PAs to nifedipine and iberiotoxin.
In a separate set of PAs (n ϭ 6) and MCAs (n ϭ 6) that were intact (not permeabilized) and not loaded with Fura 2, the sensitivity to the VDCC inhibitor nifedipine was determined. Briefly, PAs and MCAs were equilibrated for 1 h at 40 and 75 mmHg, respectively. Because of the difference in basal tone between these vessel types, MCAs were precontracted with serotonin (ϳ10 Ϫ7 mol/l) to the same level of constriction as PAs. Nifedipine was cumulatively added to the bath (0.001 to 1.0 mol/l), and the diameters were recorded at each concentration. In a separate group of PAs (n ϭ 6) and MCAs (n ϭ 8), a single concentration of the BKCa channel inhibitor iberiotoxin (0.1 mol/l) was given and the change in diameter recorded.
Drugs and solutions. All isolated vessel experiments, except calcium sensitivity measurements in S. aureus ␣-toxin, were performed using a bicarbonate-based Ringer PSS, the ionic composition of which was (in mmol/l): 119.0 NaCl, 24.0 NaHCO3, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4 ϫ 7 H2O, 1.6 CaCl2, 0.26 EDTA, and 5.5 glucose. PSS was made each week and stored without glucose at 4°C. Glucose was added to the PSS prior to each experiment. PSS was aerated with 5% CO 2, 10% O2, and 85% N2 to maintain pH.
For the Fura 2 calibration procedure, the following solutions were used. Calcium-free calibration solution was composed of (in mmol/l): 140.0 KCl, 20.0 NaCl, 5.0 HEPES, 5.0 EGTA, 1.0 MgCl 2, 5 mol/l nigericin, and 10 mol/l ionomycin. Calcium-containing calibration solution was composed of (mmol/l): 140.0 KCl, 20.0 NaCl, 5.0 HEPES, 1.0 MgCl 2, and 10.0 CaCl2. Both solutions were adjusted to pH 7.15 at 37°C with KOH.
For studying calcium sensitization in permeabilized vessels, the following solutions were used. HEPES-buffered PSS contained (in mmol/l): 142.0 NaCl, 4.7 KCl, 1.17 MgSO 4, 0.5 EDTA, 2.79 CaCl2, 10.0 HEPES, 1.2 KH 2PO4, 5.5 glucose. pH was adjusted by 10 N NaOH to 7.4 at 37°C. Relaxing solution contained (in mmol/l): 63.6 potassium methanesulfonate, 2.0 MgCl 2, 4.5 Mg-ATP, 2.0 EGTA, 10.0 phosphocreatine, and 30.0 piperazine-N,N=-bis(2-ethanesulfonic acid). Relaxing solution also contained 1.0 mol/l carbonylcyanide p-trifluromethoxyphenyl-hydrazone, a mitochondrial blocker, and 1.0 mol/l leupeptin, a protease inhibitor. pH was adjusted to 7.1 with 8 N KOH. The composition of the activating solution was similar to that of the relaxing solution, except it contained 10 mmol/l EGTA and 10 mol/l GTP. The amount of CaCl 2 needed to yield the desired free ionic concentration of calcium in the activating solution was calculated by a web-based program Webmaxc Standard (http://www. stanford.edu/ϳcpatton/webmaxcS.htm). Ionic strength was kept at 200 mmol/l by adjusting the concentration of potassium methanesulfonate.
For reagents, ionomycin and nigericin were purchased from A.G. Scientific (San Diego, CA). Fura 2-AM and pluronic acid were purchased from Life Technologies (Grand Island, NY). Fura 2-AM was dissolved in dehydrated DMSO as a 1 mmol/l stock solution and frozen at Ϫ20°C until use. S. aureus ␣-toxin was purchased from Calbiochem (La Jolla, CA) and aliquoted in relaxing buffer and stored at Ϫ20°C until use. All other chemicals were purchased from Sigma (St Louis, MO).
Data calculations. Myogenic tone was calculated as a percent decrease in diameter from the fully relaxed diameter in calcium-free PSS with diltiazem by the equation: [1 Ϫ (tone/zero)]*100%, where tone is inner diameter of vessel with tone and zero is inner diameter in calcium-free PSS with diltiazem. Percent change in diameter was calculated from baseline by the equation: [1 Ϫ (drug/baseline)]* 100%, where drug is inner diameter of vessel in iberiotoxin and baseline in inner diameter prior to giving the drug. Percent dilation to nifedipine was calculated from the equation: [(nifed Ϫ start)/ (maximum Ϫ start)]*100%, where nifed is the inner diameter at a specific concentration of nifedipine, start is diameter prior to giving the first concentration of nifedipine, and maximum is the inner diameter at the highest concentration of nifedipine. Percent constriction to calcium in permeabilized vessels was calculated from the equation: [(start Ϫ calcium)/(maximum Ϫ start)]*100%, where calcium is the inner diameter at a specific concentration of calcium, start is diameter prior to giving the first concentration of calcium, and maximum is the inner diameter at the highest concentration of calcium. Wall tension for each vessel was calculated as pressure*radius after converting diameter in micrometer to radius in centimeter and pressure in millimeters Hg to dynes centimeter.
Smooth muscle concentration of intracellular calcium ([Ca 2ϩ ]i) in intact vessels was calculated using the following equation: [Ca 2ϩ ]i ϭ Kd␤(R Ϫ Rmin)/(Rmax Ϫ R), where Kd is the dissociation constant of Fura 2, R is experimentally measured ratio (340/380 nm) of fluorescence intensities, Rmin is the ratio in the absence of [Ca 2ϩ ]i, Rmax is the ratio at Ca 2ϩ saturation, and ␤ is the ratio of the fluorescence intensities at 380-nm excitation wavelength at Rmin and Rmax. Rmin, Rmax, and ␤ were determined by an in situ calibration procedure using PAs and MCAs treated with nigericin (5 mol/l) and ionomycin (10 mol/l). These values were then used to convert the ratio values into 
RESULTS
Relationship between myogenic tone, intravascular pressure, and VSM calcium in PAs and MCAs.
We previously showed that PAs have greater pressure-induced tone compared with upstream MCAs (4, 5); however, the underlying mechanisms by which this occurs are not completely understood. To investigate the relationship between tone and VSM calcium, Fura 2 was used. Figure 1A shows that the percent of pressureinduced tone was increased compared with MCAs. Figure 1B shows that the increase in myogenic tone in PAs was associated with increased VSM calcium. When percent tone and calcium were directly compared at 50 mmHg between both vessel types (Fig. 1C) , PAs were significantly more sensitive to pressure than MCAs and responded to the same pressure with increased tone and calcium. Figure 1D compares the relationships between % tone and calcium in PAs and MCAs. Tone was significantly increased in PAs for the same level of calcium as MCAs, suggesting PAs are more sensitive to calcium as well as pressure. Because of the large difference in size between these vessels, we also considered the relationship between circumferential wall tension and calcium in these two segments. Figure 1E shows that wall tension was significantly increased in MCAs for the same level of calcium compared with PAs. Thus the increased tone in PAs may be partially explained by the considerably lower wall tension that the smooth muscle needs to constrict against to change diameter.
Calcium sensitivity in S. aureus ␣-toxin permeabilized PAs and MCAs. The results above suggest that increased tone of PAs may partly be due to an increase in calcium sensitivity compared with MCAs. However, because calcium was measured in vessels with intact plasma membranes in which activity of ion channels (e.g., VDCC and BK Ca ) could influence the level of tone, we also determined whether there was an increase in the sensitivity of the contractile apparatus to calcium in PAs. To do this, vessels were permeabilized using S. aureus ␣-toxin to eliminate the influence of plasma membrane ion channels and differences in membrane potential. Figure 2 , A and B, shows that both PAs and MCAs constricted in response to the addition of calcium, as expected in permeabilized preparations, causing a decrease in diameter from 62 Ϯ 6 to 16 Ϯ 1 m in PAs and from 224 Ϯ 10 to 120 Ϯ 10 m in MCAs. One MCA was excluded because it did not respond to calcium and thus was not likely permeabilized. Figure 2C shows the sensitivity to calcium in permeabilized PAs and MCAs. Percent sensitivity is a normalized parameter that takes into account the change in diameter in response to the maximum level of calcium for each vessel.
There was no difference in sensitivity to calcium between PAs and MCAs under these conditions. Sensitivity to nifedipine and electrophysiological properties of VDCC from PAs and MCAs. It is well-established that pressure-induced vasoconstriction involves VSM membrane depolarization that opens VDCC (6) . It is therefore possible that differences in VDCC activity contribute to the increase in tone in PAs compared with MCAs. We therefore compared sensitivity of PAs and MCAs to nifedipine, a selective VDCC blocker. Figure 3 shows the concentration-response of PAs and MCAs to nifedipine at 40 and 75 mmHg, respectively. PAs were significantly more sensitive to VDCC inhibition than MCAs. The EC 50 values for PAs demonstrated an ϳ30-fold increase in sensitivity of PAs vs. MCAs at these pressures. To Fig. 1 . Relationship between myogenic tone, intravascular pressure and vascular smooth muscle (VSM) calcium in parenchymal arterioles (PAs) and middle cerebral arteries (MCAs). Graphs showing the amount of pressure-induced myogenic tone (A) and calcium (B) in PAs and MCAs, respectively. Amount of myogenic tone and calcium were increased in PAs compared with MCAs at all pressures studied. When % tone and calcium were compared at 50 mmHg, PAs were significantly more sensitive to pressure such that both tone and calcium were increased (C). When % tone was graphed as a function of calcium, PAs had greater tone at the same level of calcium compared with MCAs (D). In addition, the slope of these curves was significantly greater in PAs, suggesting an enhanced relationship between pressure, calcium, and tone in PAs compared with MCAs. E: relationship between calcium and wall tension in both vessel types. At similar levels of calcium, the wall tension of PAs was considerably less than MCAs due to their smaller size. Thus the increased tone in PAs could be partially due to their lower wall tension that would make it easier to constrict. *P Ͻ 0.05 vs. MCAs; **P Ͻ 0.01 vs. MCAs by Student's t-test. determine whether the increased sensitivity of PAs to nifedipine was due to myocytes that contained VDCC that were more active at a given membrane potential, the single channel properties of VDCC were determined in myocytes isolated from PAs and MCAs. Figure 4 shows that there were no differences in single channel properties or open state probability between myocytes from the two types of vessels. In fact, the electrophysiological properties of myocytes from the different vessels were remarkably similar.
Response of PAs and MCAs to BK Ca channel inhibition with iberiotoxin. Activity of the BK Ca channel has been shown to hyperpolarize VSM and counterbalance the myogenic response by promoting vasodilation (2) . A previous study showed that under normal conditions, BK Ca channel activity in PAs is low, thus eliminating its hyperpolarizing influence (7) that may contribute to the increased tone in these vessels. We therefore investigated the contribution of BK Ca activity to myogenic tone in PAs and MCAs at 40 and 75 mmHg, respectively, by measuring the change in diameter in response to iberiotoxin, a selective inhibitor of BK Ca channels. Figure 5 shows that MCAs constricted to ϳ15% to iberiotoxin, demonstrating that BK Ca channel activity in intact MCAs is present and inhibiting tone. In contrast, PAs had little to no response to iberiotoxin, suggesting this feedback hyperpolarization pathway is limited or absent in PAs, a condition that likely contributes to the increase in myogenic tone in PAs vs. MCAs.
DISCUSSION
In the present study, we show that PAs had increased myogenic tone compared with MCAs that did not appear to involve direct calcium sensitization of the contractile apparatus but was associated with altered ion channel activity in response to pressure. We and others (5, 7, 21) have shown that PAs have altered ion channel function compared with pial arteries such that VSM membrane is more depolarized at lower pressures. In the present study, we found PAs were more sensitive to the dilatory effect of nifedipine, a VDCC blocker. This result is consistent with PAs having VSM with more depolarized membrane potential that causes the VDCC to be more active. It is also possible that VDCCs are more active at a given membrane potential in PAs compared with MCAs. However, we found no difference in the electrophysiological properties of the VDCC in isolated VSM from PAs and MCAs, suggesting this was not the case. This is in contrast to a previous study by Michelakis et al. (18) that found increased VDCC activity in VSM isolated from parenchymal arterioles compared with basilar arteries. The difference between the previous study and the present one may be the different pial arteries that were used-MCA in the present study and basilar in the previous study-as these perfuse different brain regions and may have different smooth muscle properties.
BK Ca channel activation, through adjacent calcium spark activity, is an important negative feedback that limits myogenic vasoconstriction through VSM hyperpolarization (2, 17) . Our previous study found that although BK Ca channels are present in VSM from parenchymal arterioles at similar levels as cerebral pial arteries, few calcium sparks are present in PAs to activate the channel (7) . In contrast, the predominant calcium signals under basal conditions in PA VSM are calcium waves that do not activate BK Ca channels (7) . In the present study, we confirmed this finding using the BK Ca channel inhibitor iberiotoxin and showed that MCAs constricted to iberiotoxin ϳ15%, demonstrating BK Ca channels are active and inhibit tone in those vessels. In contrast, PAs did not constrict to iberiotoxin, demonstrating little to no influence of this channel in inhibiting tone. Thus it is likely that the lack of BK Ca coupling to calcium sparks causes greater VSM depolarization in PAs due to the lack of hyperpolarizing influence of this potassium channel. VSM from PAs have been shown to be more depolarized than pial arteries (21) and this may underlie the increased myogenic tone as well as the increased sensitivity to nifedipine in PAs, given the well-recognized voltage-dependence of calcium channel block by dihydropyridines (26) .
In addition to a lack of BK Ca channel influence that promotes VSM depolarization in PAs, there could also be a difference in the depolarizing stimulus in response to pressure between PAs and MCAs. For example, TRP channels are nonselective cation channels that are thought to contribute to pressure-induced tone through direct calcium influx and depolarization of VSM (8, 9, 13, 24, 28) . In particular, our own studies have also shown an important role for TRPM4 in the myogenic response in cerebral pial arteries (8, 9) . Activation of TRPM4 currents in arterial myocytes causes membrane depolarization, activation of VDCCs and vasoconstriction (8, 9) . The results shown in Fig. 1 suggest that pressure induced a greater increase in calcium and tone in PAs compared with MCAs. It is possible that a combination of decreased BK Ca channel influence that promotes VSM depolarization and increased TRP channel activity in response to pressure promotes this pressure sensitization in PAs.
Differences in ion channel activation may not be the only mechanism involved in increased pressure-induced tone in PAs. In the present study, we also measured calcium sensitivity using a permeabilized vessel preparation. We demonstrate that PA VSM had similar calcium sensitivity as MCAs (Fig. 2D) . In nonpermeabilized vessels in which the membrane was intact, there does appear to be an increase in calcium sensitivity in PAs. This may be due to differences in wall tension between the two vessel types. According to the law of Laplace, circumferential wall tension is related to the intravascular pressure and the radius of the vessel (11). Because PAs are considerably smaller in diameter, and were studied at lower pressures, they had significantly less wall tension compared with MCAs. Thus force production of VSM required to change diameter would be less in PAs than MCAs. This difference in wall tension between the two vessel types could influence the myogenic vasoconstriction because it would take less force to constrict the smaller PAs. The difference in wall tension could also explain why there appears to be an increase in calcium sensitivity in intact PAs (Fig. 1D) , i.e., it required less force production to cause constriction of PAs at the same level of calcium as MCAs, but that the true calcium sensitivity shown in permeabilized vessels was not different. This effect, in combination with an actual increase in cytosolic calcium shown in Fig. 1C could account for the large increase in arterial tone in PAs compared with MCAs at a given pressure. An important experiment that is beyond the scope of this study would be to measure force production in isolated VSM from these different vessels in response to stretch and calcium.
Lastly, it is worth noting that we studied vessels with intact endothelium because we were attempting to understand the cellular mechanisms that regulate the differences in tone under physiological conditions between PAs and MCAs. In the cerebral circulation, the endothelium has considerable influence on tone that appears to be different between PAs and MCAs (5). It is possible that differences in endothelial nitric oxide or endothelium-derived hyperpolarization (EDH) between the two vessel types influence their basal tone. We previously showed that PAs constrict in response to SK Ca and IK Ca channel inhibition, suggesting that basal EDH, in addition to nitric oxide, inhibits tone in these vessels (5) . However, the greater influence of the EDH pathway in PAs would decrease tone compared with MCAs, not increase it as we have shown here.
In summary, the increased myogenic tone of PAs compared with MCAs appears to be due to altered ion channel activity in response to pressure, including decreased BK Ca channel influence that promotes VSM membrane depolarization at lower pressures. However, we cannot rule out the possibility that the smaller diameter and lower wall tension in PAs compared with MCAs also enhances myogenic constrictions of PAs at any particular cytosolic Ca 2ϩ concentration. Given that PAs are high resistance vessels in the brain that directly connect the pial vessels to the microcirculation, understanding the mechanism by which these vessels are more constricted at lower pressures than MCAs may provide for novel therapeutic targets under conditions in which PAs are pathologically involved, including lacunar stroke and small vessel disease.
